Abstract-In this manuscript, a simple synthesis method of single square loop frequency selective surface (SSLFSS) is discussed, which may find the suitable application in the fast analysis and fabrication of the frequency-selective surface. The presented technique is used to design SSLFSS at 3 GHz, 15 GHz, 22 GHz and 26 GHz. At every frequency of interest, the analytical result is very close to the required result. Moreover, a way to control the reflection at any frequency is discussed, which may find an application in controlling the reflection level at any frequency. However, we have proposed two simple, cheaper and lightweight structures at 3 GHz and 22 GHz for the application in various satellite communications. The proposed process has been extended to the analysis of bandpass structure and desired results have been achieved, which indicates the utility of the method of synthesis of both the bandpass and bandstop structures.
INTRODUCTION
Frequency selective surfaces (FSSs) are the periodic arrangement of conducting materials in one-or two-directions [1] [2] [3] . This kind of the structure finds numerous applications in microwave/millimeter wave and optical wave regime of the electromagnetic spectrum [4] . In the microwave and millimeter wave regime of the spectrum, FSS is used to improve the purity of the received signal, gain, directivity of an antenna, and Radom design etc. In the infrared and visible light wave regime of the spectrum, this kind of the structure is used as polarizer, beam splitter and in the solar energy collection, respectively [5, 6] . In the microwave and millimeter wave regime of the electromagnetic structure, the application of this kind of the structure is also noticeable in the satellite communication where it is required to maintain the purity of the signal in the specific band and to control the transmission and reflection of the signal to the desired level [7, 8] .
To reduce the adjacent channel interference in the communication systems due to the congestion of the electromagnetic spectrum, several FSS structures like dipole, Jerusalem cross, ring, tripod, dross dipole and square loop have been developed [9] . It is noted that the square loop FSS (SLFSS) offers the better performance in terms of angular stability, cross polarization, bandwidth and band separation [1] . Due to these unique properties, single square loop frequency selective surface (SSLFSS) and double square loop frequency selective surface (DSLFSS) have been investigated by several researchers [10] [11] [12] [13] . Moreover, to analyze the FSS, various numerical techniques have been developed where each one is associated with its own merits and demerits [14] . Among these analytical techniques, equivalent circuit model is very popular due to its simplicity where the equivalent lumped parameters of a FSS is obtained due to the inductive and capacitive behavior of the loop arms and the gap between two loops. The analysis of FSS depends on the physical parameters like period (p) of the loop, loop dimension (d), width of the loop strip (w) and gap between two loops (g). In this proposed technique, after fixing the physical parameters, the value of associated inductance and capacitance are calculated to find the resonance, transmission and reflection conditions of the loop [15] . This model helps in finding resonance frequency of the structure, transmission, and reflection behavior of a loop when only the physical parameters are given. In another words, the existing literatures on the SSLFSS discusses about the analytical method but not its synthesis, which is very important to find the value of the physical parameter of the SSLFSS to meet the specific resonance frequency and bandwidth requirement.
In this contribution, a simple synthesis technique of a SSLFSS has been developed and a method to control the transmission and reflection level of the signal is discussed. The remainder of the manuscript is organized as follow. Section 2 deals the theory of operation of SSLFSS. In Section 3, the results obtained by the analytical solution and the numerical simulations are presented. Section 4 explores the effect of the incident angle on the FSS reflection property and in Section 5, a method to control the reflection coefficient is presented. In Section 6, the bandwidth control technique of a SSLFSS is discussed. In Section 7, two inexpensive FSS structure for Satellite communication system is proposed. In Section 8, the usefulness of the technique in the bandstop as well as bandpass FSS design has been explored and finally, the work is concluded in Section 9.
THEORY OF OPERATION
The equivalent circuit model of a SSLFSS is developed by [16] and this has been used to extract the circuit lumped parameters inductance (L) and capacitance (C) by several researchers [17, 18] . With the help of the equivalent circuit model, the equivalent inductance and capacitance are obtained from the given physical parameters of an FSS like the periodicity (p), loop length (d), width of the strip (w), angle of incidence (θ) and the inter-loop gap (g), where these parameters are shown in Figure 1 . However, in the design of an SSLFSS, it is desired to find the loop size and periodicity of the loop structure to resonate at the specific frequency and to have the desired bandwidth. The existing method only provides the knowledge about the value of the L and C for a given square loop but the accurate synthesis of the square loop from the knowledge of the resonance frequency is a challenging task and has not been dealt adequately. To overcome the synthesis difficulty of a SSLFSS, a simple and novel formula to calculate the loop dimension with certain accuracy has been developed.
For transverse electric (TE) polarized wave, the equivalent circuit elements are obtained by the following equations [10] .
and
In Equations (1)
, and G(p, g, λ, θ) are the effective dielectric permittivity of the media, characteristic impedance, characteristic admittance, the correction factors for the associated inductance and capacitance, respectively. When the correction factors are ignored at the cost of a minor deviation in the result, Equations (1) and (3) can be re-written as:
In the case of air as a substrate, the multiplication of Equations (5) and (6) gives:
In Equation (7), the left-hand-side of the equation indicates the resonance/anti-resonance condition. For the reflective FSS, at the resonance, its value must be 1.0 because ω 2 r = 1/LC. Therefore, Equation (7) can be re-written in the following form.
Further, Equation (8) is simplified as:
For the case of w 2p and g 2p, Equation (9) is written as:
In the case of the loosely packed FSS, the value of g is quite greater than w and the ratio of 2p/πw dominates over the ratio of 2p/πg and with the minor sacrifice in the accuracy, Equation (10) is simplified as:
It is known fact that for a given FSS structure, the response changes with the change in the angle of incidence of the wave and the period p of the FSS and to avoid the grating lobes, it is related to the wavelength (λ) by the following relationship [19] .
From Equation (12), it is observed that for a given maximum incident angle, a mathematical relation between p and λ may be established as long as the inequality is satisfied. To understand the concept, we take the case that the structure must operate satisfactorily over the angle θ 1 . Then we can select the value of θ = θ 2 in Equation (12) where θ 2 > θ 1 . On this way, it is revealed that the inequality of Equation (12) is satisfied and the value of p is fixed as:
In Equation (13), M is a constant and varies between 0 to 1. The substitution of Equation (13) in (11) gives the following expression.
From Equations (12) and (14), it is revealed that with the knowledge of the operating frequency, desired width of the strip as the fraction of wavelength, and maximum expected angle of the incident wave, the length of the loop may be calculated and further optimized. In general, the procedure is equally-suitable for the TM polarized wave. Since the square loop FSS is the polarization independent, the formula developed for the TE mode is also applicable to TM mode of operation. Further, this formula also provides a way to control the value of the reflection at any specific frequency. In Equation (7), the left hand side of the equation has been set as 1.0 for the resonance condition. Ideally, at this frequency, the value of |S 11 | is equal to 1.0. If 1.0 in Equation (7) is replaced by some other value which is lesser than 1.0 then analysis shows the off-resonance condition and this may be used to govern the amount of the reflection at that particular frequency. 
NUMERICAL RESULTS
To analyze the theory proposed in Section 2, the physical parameters of SSLFSS at 3 GHz, 15 GHz and 26 GHz have been computed and its correctness has been checked by the electromagnetic simulation in CST Microwave Studio, which based on the finite integral technique. In the first case, the loop parameters are analyzed for the normal incident wave (θ = 0 • ). To calculate the value of p while avoiding grating lobe at the intended frequency, the value of p is calculated by meeting the condition descried in Equation (12) and this condition which is for the analysis purpose and θ > 0 • needs to be considered. In order to meet this synthesis constraint, the value of θ = 10 • has been selected and on this way, the value of M is 0.1736. Once, the value of M is fixed, for the different value of w/λ, the value of d is calculated using the Equation (14) and it is presented in Tables 1, 2 , and 3, for 3 GHz, 15 GHz, and 26 GHz, respectively. Further, to support the analysis, the structure has been simulated by CST Microwave Studio as shown in Figure 2 . The value of the resonance frequency obtained by simulation is shown in 5th column of these Tables and in the last column, the relative error is shown. These three tables show the various values of p, d, and w at different frequencies for the normal incidence. However, the pattern of the Tables is similar. From these Tables, it is revealed that for the fixed value of p, with the increase in the value of w/λ, the relative percentage deviation from the intended frequency is reduced in spite of the normal incident of the electromagnetic wave as the structure has been simulated in the Transient Solver which supports the normal incident only. Further, the response is saturated and the effect of the increase in the width of the strip on the f r (resonance frequency) is insignificant. The deviation is significantly reduced with the strip width but the small error still exists as in the simplified Table 3 . Loop parameters at 26 GHz for 10 • incident angle. Tables 1, 2 and 3 . From Figures 2(a) , (b) and (c), it is revealed that at a given incident angle (10 • in this case), with the increase in the w/λ ratio, the transmission zero point shifts to the lower frequency and the transmission zero bandwidth is increased. In the other words, with the increase in the value of the width of the strip, the inductive effect of the SSLFSS is reduced and it causes the width of the scattering parameter to increase. In the lossless condition, |S 21 | 2 + |S 11 | 2 = 1 and it indicates that where S 21 is minimum, S 11 reaches to maximum and the flatness of the reflective property of the SSLFSS is increased. Further, from this analysis, it is clear that by changing the value of w/λ, the desired band of the rejection of the signal is achievable.
EFFECT OF INCIDENT ANGLE
From Figures 2(a) , (b) and (c), it is seen that the maximum relative error between intended and achieved operating frequency is about 10% which can be further reduced by reducing the value of θ in Equation (12) . When this value is set equal to zero, the value of p is equal to λ and Equation (12) is not satisfied which calls for the addition of the correction factor in the Marcuvitz Equation [16] . However, to design a loop, we set the angle θ close to 0 • for the normal incident wave and in this case the error is reduced significantly. To see this effect, the dimension of the SSLFSS at 3 GHz has been calculated for various value of the theta in the range of 0 • to 90 • as presented in Table 4 . The structure has also been simulated for the normal incidence case in the transient solver of CST Microwave Studio and the resonant frequency has been observed which is shown in the last column of Table 4 . To obtain the variation in the resonance frequency due to the change in the incident angle, w/λ ratio has been fixed to 0.06. It is observed from Table 4 that with the increase in the angle of incidence, the difference between expected resonance frequency and the simulated one with normal incidence increase first and then reduced. The maximum deviation is about 12% at 40 • . Theoretically, with the increase in the angle of incidence, the value of p is reduced and the array becomes densely packed and at lower incidence angle the FSS array is loosely packed. On this way, it is seen that with the certain relaxation in the accuracy, the formula can be used for loosely as well as densely packed FSS array. The effect of the variation in the angle of incidence on the normally incident simulation in the range of 0 • ≤ θ ≤ 60 • is shown in Figure 3 . From Figure 3 , it is revealed that at every incidence angle used in this calculation, except for θ = 0 • , the SSLFSS resonates between 3 to 3.5 GHz and it shows the convergence of the result. In the case of θ = 0 • , the resonance occurs at 2.87 GHz which is lower than the intended frequency (3 GHz) as it does not satisfy Equation (12) . Further, from Figure 3 , it is observed that with different value of the incident angle, the periodicity of the FSS, dimension of the loop and the width of the loop changes and it causes the shift in the resonance frequency and its bandwidth also. On this way, it helps in deciding about the bandwidth of the FSS. Further, to validate the theory, the result has been computed for 15 GHz and 26 GHz and the similar behavior has been observed. The observation in the range of 30 • ≤ θ ≤ 60 • is shown in Table 5 and Table 6 , respectively. Table 6 . Effect of angle on a SSL FSS designed at 26 GHz with 0.06w/λ. 
CONTROLLING THE REFLECTION COEFFICIENT
In various applications, it is required to control the reflection coefficient to a desired level at a specific frequency. In general, there is no any direct method to calculate or anticipate about the dimension of the loop size which can satisfy the desired reflection coefficient condition. In this Section, we have developed a relationship between the S 11 parameter and the resonance frequency and further have also shown that the desired level of the reflection coefficient can be obtained by simply manipulating the design of the loop. To understand the design method, we draw the S 11 parameter of a loop operating at 3 GHz whose period (p), loop size (d), and 'w/λ' ratio are 50 mm, 38.7065 mm and 0.06, respectively. From Table 4 (last row), it is clear that it corresponds to 90 • incident angle and resonates at 3.14 GHz. The scattering parameter of the FSS is shown in Figure 4 . From Figure 4 , it is revealed that the structure resonates at 3.14 GHz and S 11 is 0 dB at 3.14 GHz and in the range of 2.6 GHz to 3.7 GHz, the value of S 21 is less than −10 dB and it shows the strong reflection of the normally incident signal. On the linear scale, it is clear that the maximum reflection corresponds to S 11 = 1 at 3.14 GHz and this is equal to 100% reflection. Now, we assume a condition in which it is required to maintain the value of reflection coefficient < 100% at 3.14 GHz. To obtain this value, the geometrical parameter of the loop must be changed. However, the amount of the change depends on the flatness of S 11 curve and its roll-off factor. When p and d of the loop is increased and w of the strip is decreased, the stop bandwidth is reduced and S 11 parameter falls sharply and it does not maintain the linearity. However, in the present case as shown in Figure 4 , with the wider strip width, the change in the S 11 parameter either side of the resonance frequency is linear and it indicates that for the wider strip width and smaller loop, a linear relationship between the |S 11 | and the operating frequency exists and states that to reduce the reflection coefficient S 11 to x% at frequency f r , S 11 must be multiplied by x/100 and correspondingly:
To explore the concept of linearly increase or decrease in the maximum reflection frequency point, we look at the fundamental relationship between impedance (Z) and scattering (S) parameters of the loop [20] . The Z-parameter is converted into its equivalent T-Network as shown in Figure 5 where Z 1 and Z 2 are equal to zero [15] .
In Figure 5 , the value of normalized impedance Z 3 is related to the equivalent circuit model by the following formula.
where Y 0 = 1/Z 0 and L and C are equivalent inductance and capacitance at ω r as mentioned in Equations (5) and (6). From Equation (17), it is revealed that FSS impedance Z 3 is directly proportional to the inductance and the operating frequency and inversely proportional to the capacitance. In the case of loosely packed FSS, the value of capacitance is negligible in comparison to the inductance. Under this condition, Z 3 is proportional to ω r . It states that for loosely packed FSS, Scattering parameter is proportional to the impedance of FSS and the proportional chance in the value of scattering parameter at the resonance frequency may be achieved by the change in the impedance level. To make this change, the resonance frequency of the loop must be increased by the same factor. On this way, a complete control on the scattering parameter is possible. For example, when we need the S 11 = 10% at 3 GHz, it indicates that the FSS corresponding to the resonance of 30 GHz to be designed as 3 GHz must be scaled up by 3 GHz/0.1. Further, to maintain the linearity of the curve, we select the design parameter as shown in the last row of Table 4 as the value at 3 GHz that is θ = 90 • and p = 0.5λ from Equation (12) . On this way, to achieve 10% reflection at 3 GHz, SSLFSS must be designed to resonate at 30 GHz. For the various values of the reflection levels, the outcome of this process to control the reflection is shown in Table 7 .
From the first and the last column of Table 7 , it is clear that for the wider strip and loosely packed SSLFSS, the required value of the reflection is achievable by simply scaling up the resonance frequency by that factor. Further, the first significant figure of the last column is very close to the required magnitude of the reflection coefficient. The simulated result of |S 11 | against the frequency is shown in Figure 6 . From Figure 6 , it is clear that the resonance frequency obtained for the different geometrical parameters of the loop as mentioned in column 5, 6, and 7 of Table 7 is in the agreement to the required resonance frequency as described in column 2 of Table 7 . Since, the resonance conditioned is satisfied, |S 11 | is also satisfied at 3 GHz. Further, to validate the proposed method of analysis of the reflection coefficient at a given frequency, the procedure has been repeated at 15 GHz and similar result has been obtained. The required geometrical parameter to achieve the desired reflection coefficient at 15 GHz is shown in Table 8 and in the last column, the value of the achieved reflection coefficient at 15 GHz is shown. Further, the structures have been simulated in the 12-18 GHz frequency window as shown in Figure 7 and the observed refection coefficient at 15 GHz is comparable to the desired one. On this way, it is concluded that to achieve the desired refection co-efficient at any frequency, the frequency is to be divided by that fraction of the reflection coefficient and the new frequency serves as the resonance frequency of the structure.
BANDWIDTH CONTROL
The band of operation of SSLFSS is largely affected by the loop size and the width of the loop strip. When the size of the loop is reduced and strip width is increased, the rejection bandwidth of FSS is also increased and with the enhancement in the loop size, the bandwidth is decreased. It indicates that the bandwidth is inversely related to Table 1 and (d) and (e) from Table 4 . The S 21 parameter of the structures is shown in Figure 8 . From Figure 8 , it is revealed that, for the case (a) and (b) and (c) where the periodicity is close to the wavelength, the rejection bandwidth is narrow. Further, in the case (a) strip width is 3 mm in comparison to (b) where the strip width is equal to 6 mm. Due to the change in only the strip width the resonance frequency shifts to 3.24 GHz from 3.14 GHz in the case of (a). The half power bandwidth in the case of (a) an (b) are 7.64% and 5%, respectively. It indicates that for the narrow bandwidth, the strip width is to be increased but the structure resonates at higher frequency. Now in the case (c), while keeping the same p and w as of (b), and increasing the value of d, the resonance frequency shifts downward and it is due to the reduction in the quality factor which has been reduced due to the change in the inductance value where inductance is associated with the strip width. In the case (c), the f r and −3 dB fractional bandwidth (FBW) are 3.11 GHz and 8.66%, respectively. In the case of (d) and (e), the periodicity p and loop dimension d have been reduced and increased, respectively, while keeping the strip width constant equal to 6 mm. With the reduction in the periodicity, the rejection bandwidth is increased which is evident from Figure 8 . On this way, the smaller size loop may be used to increase the band-rejection limit which would be a wide band rejection. Another important phenomenon is the effect of the p on the resonance condition of the structure. If the periodicity is close to the wavelength, multiple resonances is achieved and may be used in the design on multi-resonance FSS structure [13] and for the wide band rejection smaller loop is required.
DESIGN OF A LOW COST INEXPENSIVE SSLFSS FOR SATELLITE COMMUNICATION
In the preceding sections, the SSLFSS has been analyzed in detail without any dielectric support to the structure. However, for the practical purpose, it is necessary to design the FSS on a dielectric material. However, the use of the dielectric material changes the performance of the structure [21] as the characteristic impedance above and below the structure is changed and operating frequency shifts down ward with proportion of ε −1/2 eff [1, 2] . It indicates that the low-relative dielectric permittivity material is a good choice of substrate in the FSS design. In view of this fact, we consider a dielectric support of Thermocol whose relative dielectric permittivity is 1.05. The selection of this kind of material reduces the separate analytical treatment of the structure as its relative dielectric permittivity is close to the free-space and the dependence of the performance of the FSS on the substrate is alleviated. The independence of the performance to the substrate thickness leads to enhance the mechanical strength of the structure by the selection of thicker substrate. Keeping these facts in mind, two FSS structures at 3 GHz and 22 GHz with about 10% bandwidth for the satellite communication is designed. The structure is similar to the structure shown in Figure 1 except at the back side of a dielectric support of Thermocol of relative dielectric permittivity 1.05 of thickness 10 mm is placed. The dimension of the structure has bee parametrically tuned to resonate near 3 GHz and in this case p, d, w, and FSS conductor thickness (t) are 85.20 mm, 33.69 mm, 6 mm and 0.01 mm, respectively. The response of structure is shown in Figure 9 where it is noted that the structure resonates at 3.1 GHz and the FBW bandwidth is 9.2%.
From Table 2 and Table 3 , it is observed that with the increase in the operating frequency, for narrow strip width and longer period, the bandwidth narrows but relative error is increased and it is quite significant where the precise application of the spectrum is needed. To overcome this constraint, we have designed a structure with f r = 20 GHz, w/λ = 0.02, θ = 20 • and correspondingly p, d and w are 11.1772 mm, 4.21149 mm and 0.3 mm, respectively. The conducting material and substrate thickness are 0.01 mm and 10 mm, respectively.
The response of the structure is shown in Figure 10 and from this figure, it is revealed that the FBW is 10.9% and the structure resonates at 21.96 GHz which is in close agreement to the requirement.
EXTENSION OF THE PROCEDURE TO BANDPASS FSS DESIGN
It is known fact that the bandpass and bandstop FSS are complementary to each other. Due to this nature of the structure, a bandstop FSS structure can be converted into bandpass by replacing the conducting material part by the slot and the vacant part of the FSS by the conductor. In this case, the period p remains same and the width w is replaced by the slot width and d becomes the length of the slot. It indicates that the synthesis process developed in this work is also suitable to find the parameters of the square shape bandpass FSS. To see the process of the analysis of the bandpass response, we have designed bandstop and bandpass FSS in two different frequency bands. In the first case, the value of p, d, and w/s are 50 mm, 38.70 mm, and 6 mm, respectively. The parameter values are shown in the last line of Table 4 and expected resonance frequency in bandpass as well as in the bandstop FSS structure is 3.14 GHz. The bandstop and bandpass FSS to resonate at this frequency is shown in Figures 11 (a) and (b) respectively.
The simulated frequency response of the structures shown in Figures 11(a) and (b) are shown in Figures 12(a) and (b) , respectively. The comparison of two figures clearly reveals that the resonance frequency in both the cases is same and it is 3.14 GHz. The only difference is the interchange of S 21 and S 11 parameter and it indicates that the both bandpass and bandstop FSS can be realized with this technique.
To verify the consistency of the approach, the similar structure as shown in Figures 11(a) and (b) have been simulated at 22-30 GHz frequency band for narrow slot and strip width. The FSS parameters are p = 9.83 mm, d = 3.39 mm and w/s = 0.34 mm, respectively. The structure parameters are taken from the 3rd line of the Table 3 . The structures are shown in Figures 12(a) and (b) , respectively.
The response of the structures shown in Figures 13(a) and (b) are shown in Figures 14(a) and (b) , respectively. From the analysis of the frequency responses, it is revealed that both the structures resonate near 27.5 GHz and they have similar graph pattern except the interchange in the S 11 and S 21 parameters. 
CONCLUSION
In this paper, a simple synthesis technique of SSLFSS is proposed. The process of the calculation of various parameters is presented and the numerical technique has been supported by the simulation. In addition to this, the method to control the reflection at any frequency is also explored and it may find the application in interference control. Further, this method has been used to design two FSS structures at 3 GHz and 22 GHz with the controlled bandwidth which may find the suitable application in satellite communication. Moreover, the process has been extended to the synthesis of bandpass FSS structure and the desired results have been obtained which indicates the application of the process for both types of the FSS. However, the angular sensitivity of the structure for narrow bandwidth has not been discussed, which will be reported in future communications.
